A hybrid field model for open-circuit field prediction in surface-mounted PM machines considering saturation. by Wu, L.J. et al.
This is a repository copy of A hybrid field model for open-circuit field prediction in 
surface-mounted PM machines considering saturation..
White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/139349/
Version: Accepted Version
Article:
Wu, L.J., Li, Z., Huang, X. et al. (3 more authors) (2018) A hybrid field model for 
open-circuit field prediction in surface-mounted PM machines considering saturation. IEEE
Transactions on Magnetics, 54 (6). 8103812. ISSN 0018-9464 
https://doi.org/10.1109/TMAG.2018.2817178
© 2018 IEEE. Personal use of this material is permitted. Permission from IEEE must be 
obtained for all other users, including reprinting/ republishing this material for advertising or
promotional purposes, creating new collective works for resale or redistribution to servers 
or lists, or reuse of any copyrighted components of this work in other works. Reproduced 
in accordance with the publisher's self-archiving policy.
eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/
Reuse 
Items deposited in White Rose Research Online are protected by copyright, with all rights reserved unless 
indicated otherwise. They may be downloaded and/or printed for private study, or other acts as permitted by 
national copyright laws. The publisher or other rights holders may allow further reproduction and re-use of 
the full text version. This is indicated by the licence information on the White Rose Research Online record 
for the item. 
Takedown 
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by 
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request. 
$+\EULG)LHOG0RGHOIRU3UHGLFWLQJ2Q/RDG)LHOGLQ6XUIDFH
0RXQWHG3HUPDQHQW0DJQHW0DFKLQHV&RQVLGHULQJ6DWXUDWLRQ

/-:X6HQLRU0HPEHU,(((=KDRNDL/L'RQJ:DQJ0HPEHU,(((;LDR\DQ+XDQJ0HPEHU,(((DQG=
4=KX)HOORZ,(((

&ROOHJHRI(OHFWULFDO(QJLQHHULQJ=KHMLDQJ8QLYHUVLW\+DQJ]KRX&KLQD
1DWLRQDO.H\/DERUDWRU\RI6FLHQFHDQG7HFKQRORJ\RQ9HVVHO,QWHJUDWHG3RZHU6\VWHP
1DYDO8QLYRI(QJLQHHULQJ:XKDQ&KLQD
'HSDUWPHQWRI(OHFWURQLFDQG(OHFWULFDO(QJLQHHULQJ8QLYHUVLW\RI6KHIILHOG6KHIILHOG6-'8.

$K\EULGILHOGPRGHO+)0FRQVLGHULQJVDWXUDWLRQHIIHFWLVSUHVHQWHGIRUSUHGLFWLQJWKHRQORDGPDJQHWLFILHOGGLVWULEXWLRQLQVXUIDFH
PRXQWHG SHUPDQHQWPDJQHW 630 PDFKLQHV ZKLFK FRPELQHV FRPSOH[ SHUPHDQFH PRGHO &30 DQG PDJQHWLF HTXLYDOHQW FLUFXLW
0(& ,Q WKH SURSRVHG PRGHO 0(& FDOFXODWHV WKH PDJQHWLF SRWHQWLDO GLVWULEXWLRQ RQ WKH VWDWRU ERUH ZKLFK LV WUDQVIRUPHG LQWR
HTXLYDOHQWFXUUHQWWRDFFRXQWIRUVDWXUDWLRQHIIHFW0RUHRYHUORFDOPDJQHWLFVDWXUDWLRQRIWRRWKWLSLVDOVRWUDQVIRUPHGLQWRHTXLYDOHQW
FXUUHQW RQ WKH WRRWK VXUIDFH $ VROYLQJ SURFHGXUH LV SURSRVHG WR FDOFXODWH WKH HTXLYDOHQW FXUUHQW DQG JXDUDQWHH WKH FRQYHUJHQFH
&RPSDUHGZLWK&30WKHSURSRVHGPRGHOFRQVLGHULQJVDWXUDWLRQHIIHFWVLJQLILFDQWO\LPSURYHVWKHSUHGLFWLRQDFFXUDF\RIWKHRQORDG
SHUIRUPDQFH7KHILQLWHHOHPHQWSUHGLFWLRQVDQGH[SHULPHQWDOUHVXOWVGHPRQVWUDWHWKHH[FHOOHQWDFFXUDF\RIWKH+)0SUHGLFWLRQV

,QGH[7HUPV²$QDO\WLFDOPRGHOPDJQHWLFHTXLYDOHQWFLUFXLWFRPSOH[SHUPHDQFHVDWXUDWLRQHIIHFW630PDFKLQHV

, ,1752'8&7,21
(50$1(170$*1(730PDFKLQHVKDYHEHHQRQHRI
WKHPRVWSRSXODUPDFKLQHVGXHWRKLJKWRUTXHGHQVLW\KLJK
HIILFLHQF\DQGH[FHOOHQWG\QDPLFSHUIRUPDQFH>@1XPHULFDO
PHWKRGVVXFKDVILQLWHHOHPHQWPHWKRG)(0DUHUHOLDEOHIRU
DFFXUDWH SUHGLFWLRQ RI HOHFWURPDJQHWLF SHUIRUPDQFH DQG
SDUDVLWLFHIIHFWVLQWKH30PDFKLQHVDVLWFDQHDVLO\DFFRXQWIRU
VDWXUDWLRQ DQG FRPSOH[ VWUXFWXUHV +RZHYHU LW LV YHU\ WLPH
FRQVXPLQJDQGSURYLGHVOLWWOHVWUDLJKWIRUZDUGSK\VLFDOLQVLJKW
IRUPDFKLQHGHVLJQ>@
0HDQZKLOHPDQ\DQDO\WLFDOPRGHOVKDYHEHHQGHYHORSHGWR
UHYHDO WKHSK\VLFDO UHODWLRQVKLSEHWZHHQ WKHJHRPHWU\ RI30
PDFKLQHVDQGWKHLUSHUIRUPDQFH>@>@,QWKHVHPRGHOVWKH
DLUJDS IOX[ GHQVLW\ LV SUHGLFWHG E\ VROYLQJ WKH 3RLVVRQ¶V RU
/DSODFH¶V HTXDWLRQV XQGHU WKH DVVXPSWLRQ RI LQILQLWH
SHUPHDELOLW\ RI WKH LURQ =KX HW DO FDOFXODWHG WKH ILHOG
GLVWULEXWLRQ LQ WKH DLUJDSPDJQHW UHJLRQV DQG LQWURGXFHG WKH
UHODWLYH SHUPHDQFH IXQFWLRQ WR WDNH DFFRXQW RI WKH VORWWLQJ
HIIHFWIRUUDGLDOFRPSRQHQWRIIOX[GHQVLW\>@>@=DUNRHWDO
SURSRVHGWKHFRPSOH[SHUPHDQFHIXQFWLRQEDVHGRQFRQIRUPDO
PDSSLQJ WR GHVFULEH WKH VWDWRU VORWWLQJ IRU ERWK UDGLDO DQG
FLUFXPIHUHQWLDOIOX[GHQVLW\>@0RUHRYHU%RXOHVUHSODFHGWKH
30VZLWKHTXLYDOHQWFXUUHQWVKHHWRQWKHVXUIDFHRIWKHPDJQHWV
DQGFDOFXODWHGWKHDLUJDSIOX[GHQVLW\E\+DJXH¶VHTXDWLRQ>@
2
&RQQHOO HW DO XWLOL]HG WKH 6FKZDU]&KULVWRIIHO 6&
WUDQVIRUPDWLRQWRDFFRXQWIRUVORWWLQJHIIHFWEDVHGRQWKHILHOG
VROXWLRQRI+DJXH¶VHTXDWLRQ>@%RXJKUDUDHWDOH[WHQGHGWKH
XVDJHRI6&WUDQVIRUPDWLRQIRUPDFKLQHVZLWKDUELWUDULO\FXUYHG
PDJQHW VXUIDFHV DQG SUHGLFWHG DLUJDS ILHOG DQG WRUTXH ZLWK
KLJK DFFXUDF\ >@ :X HW DO GHYHORSHG D VXEGRPDLQ PRGHO
FRQVLGHULQJ WKHLQIOXHQFHRIWRRWKWLSVDQGDFKLHYHGH[FHOOHQW
DFFXUDF\ IRU SUHGLFWLQJ WKH FRJJLQJ WRUTXH DQG IOX[ GHQVLW\
>@+RZHYHUWKHVHPRGHOVDOOQHJOHFWWKHQRQOLQHDUSURSHUW\
RIWKHLURQFRUH
,QRUGHUWRHOLPLQDWHWKHHUURUGXHWRVDWXUDWLRQHIIHFWVRPH
DQDO\WLFDO PRGHOV ZHUH GHYHORSHG WR FRQVLGHU WKH PDJQHWLF
ILHOGGLVWULEXWLRQLQWKHLURQUHJLRQ>@>@7KHNH\SRLQWVRI
WKHVHPRGHOVDUHWKHFDOFXODWLRQRIWKHPDJQHWLFUHOXFWDQFHLQ
WKHVDWXUDWHGUHJLRQ)RUDVSHFLILF ORDG'DODOHWDOREWDLQHG
WKH DLUJDS ILHOG GLVWULEXWLRQ E\ VROYLQJ /DSODFHTXDVL
3RLVVRQLDQ HTXDWLRQV LQ VL[ UHJLRQV RI ZKLFK WKH VWDWRU FRUH
SHUPHDELOLW\LVDVVXPHGDOLQHDUIXQFWLRQRIWKHORDGDQJOH>@
+RZHYHUVXFKOLQHDUIXQFWLRQLVIRXQGE\XVLQJ)(0DQGWKH
ZKROHVWDWRULURQLVDVVXPHGWKHFRQVWDQWSHUPHDELOLW\/LDQJHW
DO FDOFXODWHG WKH SHUPHDELOLW\ RI VDWXUDWHG LURQ UHJLRQ XVLQJ
LWHUDWLYHPHWKRGDQGGHULYHGWKHDQDO\WLFDOVROXWLRQRIVDWXUDWHG
UHJLRQDQGRWKHU VXEGRPDLQV>@+RZHYHU WKLVPRGHORQO\
FRQVLGHUV WKH VDWXUDWLRQ RI WKH PDJQHWLF EULGJH LQ WKH URWRU
'MHOORXO.KHGGD HW DO SURSRVHG D VXEGRPDLQ PRGHO WR
FDOFXODWHWKHPDJQHWLFILHOGGLVWULEXWLRQRIVZLWFKHGUHOXFWDQFH
PDFKLQHDFFRXQWLQJIRUWKHQRQOLQHDUSHUPHDELOLW\RIWKHVWDWRU
DQG URWRU WHHWK>@+RZHYHU WKLVPRGHO LV WLPHFRQVXPLQJ
VLQFH LW QHHGV VROYLQJ D PDWUL[ IRU HDFK URWRU SRVLWLRQ
)DUVKDGQLDHWDOFDOFXODWHGWKHUHODWLYHSHUPHDELOLW\DWGLIIHUHQW
UHJLRQVRI WKH URWRU LURQ LQ VZLWFKHG UHOXFWDQFHPDFKLQH DQG
PRGLILHGWKHHTXLYDOHQWDLUJDSIXQFWLRQWRSUHGLFWWKHDLUJDS
IOX[GHQVLW\FRQVLGHULQJVDWXUDWLRQHIIHFW>@+RZHYHUWKHVH
PRGHOV>@>@DUHQRWVXLWDEOHIRU630PDFKLQHV
2Q WKH RWKHU KDQG 0(& LV RIWHQ XVHG WR DQDO\]H WKH
QRQOLQHDULURQFRUH)URPWKH0(&VROXWLRQWKH00)GURSVRI
WKHVWDWRU>@>@RUWKHSHUPHDELOLW\RIWKHWRRWK>@DUHXVHG
WRUHSUHVHQWWKHVDWXUDWLRQHIIHFWE\HTXLYDOHQWO\LQFUHDVLQJWKH
DLUJDSOHQJWKDQGVORWRSHQLQJ7KHQWKHFRPSOH[SHUPHDQFH
ZDVLQWURGXFHGWRDFFRXQWIRUERWKVDWXUDWLRQHIIHFWDQGVORWWLQJ
HIIHFW+DQLFHWDOFRPELQHGWKHFRQIRUPDOPDSSLQJDQG0(&
IRUSUHGLFWLQJ WKHDLUJDSILHOGLQWKHVDWXUDWHG630PDFKLQH
>@>@7KHDGGLWLRQDOSRLQWZLUHVZHUHLQWURGXFHGLQWKHDLU
JDSZKLFKDUHHTXDOWRWKHPDJQHWLFYROWDJHGURSVDFURVVLURQ
WRPRGHOWKHVDWXUDWLRQHIIHFW+RZHYHUDOOPRGHOVLQ>@>@
DUHWLPHFRQVXPLQJGXHWRWKHLUXVDJHRI6&WUDQVIRUPDWLRQDW
HYHU\URWRUSRVLWLRQ,Q>@WKHRSHQFLUFXLWPDJQHWLFILHOGRI
3
WKH VDWXUDWHG630PDFKLQHVZHUHDFFXUDWHO\SUHGLFWHGEDVHG
RQWKHFRPELQDWLRQRI&30DQG0(&+RZHYHULWLVQRWIRU
RQORDGDQDO\VLVZKLFKLVWKHIRFXVRIWKLVSDSHU
,Q WKLV SDSHU D +)0 ZKLFK FRPELQHV &30 DQG 0(& LV
SUHVHQWHGIRUWKHRQORDGILHOGSUHGLFWLRQLQ630PDFKLQHV$V
&30 UHSUHVHQWV WKH VORWWLQJ HIIHFW DQG 0(& GHVFULEHV WKH
PDJQHWLFSRWHQWLDOGLVWULEXWLRQRIWKHVWDWRULURQWKHSURSRVHG
PRGHO WDNHV DGYDQWDJH RI ERWK PHWKRGV DQG FRQVLGHUV WKH
VDWXUDWLRQ RI VWDWRU \RNH WRRWK ERG\ DQG WRRWKWLSV 6XFK
FRPELQDWLRQLVEDVHGRQWKHHTXLYDOHQFHEHWZHHQWKHPDJQHWLF
SRWHQWLDOGURSLQWKHVWDWRUDQGYLUWXDOFXUUHQWRQWKHVWDWRUERUH
,QRUGHUWRFDOFXODWHWKHYLUWXDOFXUUHQWUHSUHVHQWLQJVDWXUDWLRQ
HIIHFWDVROYLQJSURFHGXUHEDVHGRQ1HZWRQ5DSKVRQPHWKRG
LVGHYHORSHGWRJXDUDQWHHWKHFRQYHUJHQFHLQWKHLWHUDWLRQ7KH
RQORDG)(0DQDO\VLVDQGH[SHULPHQWDUHFDUULHGRXWWRYDOLGDWH
WKHSURSRVHGPRGHO
,, +<%5,'),(/'02'(/
$VVXPSWLRQVDUHPDGHWRVLPSOLI\WKHSUREOHPDVIROORZV
OLQHDUPDJQHWSURSHUW\ZLWKFRQVWDQWUHODWLYHSHUPHDELOLW\
DOO PDWHULDOV DUH LVRWURSLF  QR VWDWLFG\QDPLF URWRU
HFFHQWULFLWLHV  LQILQLWHO\ SHUPHDEOH URWRU LURQ DQG 
QHJOLJLEOHHQGHIIHFW
)LJVKRZVWKHVFKHPDWLFYLHZRIWKHVORWWHG630PDFKLQH
ZLWK WRRWKWLSV LQ SRODU FRRUGLQDWHV 7KH VDWXUDWLRQ RI VWDWRU
\RNHDQGWRRWKERG\FDQEHHTXLYDOHQWO\WUDQVIRUPHGLQWRWKH
YLUWXDOFXUUHQWRQWKHVORWRSHQLQJRIWKHVWDWRUERUHZKLOHWRRWK
WLS VDWXUDWLRQ LV UHSUHVHQWHG DV WKH HTXLYDOHQW FXUUHQW RQ WKH
WRRWK VXUIDFH 7KHUHIRUH WKH QRQOLQHDUO\ SHUPHDEOH LURQ LV
WUDQVIRUPHG WR LQILQDWHO\ SHUPHDEOH LURQ ZLWK HTXLYDOHQW
FXUUHQWRQWKHVWDWRUERUHLQWKH630PDFKLQHDVVKRZQLQ)LJ


PP
PUBURWRU f U T
P
6WDWRU
5RWRU
$LUJDS
30
:LQGLQJFXUUHQW
PUBVWDWRU
)LJ  6FKHPDWLF YLHZ RI 630 PDFKLQH XQGHU DQ\ ORDG FRQGLWLRQ LQ SRODU
FRRUGLQDWHV

PP
PUBURWRU f U T
P
6WDWRU
5RWRU
$LUJDS
30
:LQGLQJFXUUHQW
PUBVWDWRU f
(TXLYDOHQWFXUUHQW
)LJ+\EULGILHOGPRGHORIVORWWHG630PDFKLQHFRQVLGHULQJVDWXUDWLRQHIIHFW
XQGHURQORDGFRQGLWLRQ
$ (TXLYDOHQW&XUUHQW5HSUHVHQWLQJ6WDWRU6DWXUDWLRQ
7KHHTXLYDOHQWFXUUHQWZKLFKUHSUHVHQWVVDWXUDWLRQHIIHFWLV
WKH NH\SRLQW LQ WKH +)0 ,W LV FDOFXODWHG IURP WKH PDJQHWLF
SRWHQWLDOGLVWULEXWLRQRI0(&)LJVKRZVWKDWWKHPDJQHWLF
UHOXFWDQFHV UHSUHVHQWLQJ WKH QRQOLQHDU SURSHUW\ RI WKH VWDWRU
LURQ DUH FRQQHFWHG WR IRUP WKH PDJQHWLF QHWZRUN 9
9āāā94V DUHWKHQRGHPDJQHWLFSRWHQWLDOLQ WKH0(&7KH
DLUJDSIOX[ĳMIORZLQJLQWRWKHVWDWRULVH[SUHVVHGDV

M
M VU
V
% GVM  ³  
ZKHUHVMLVWKHDUHDRIWKHVORWRUWRRWKRQWKHVWDWRUERUHMLVWKH
LQGH[RIWKHVORWDQGWRRWKM āāā4VZKHUH4VLVWKHWRWDO
QXPEHURIVORWVDQG%VULVWKHUDGLDOIOX[GHQVLW\RQWKHVWDWRU
ERUH7KHPDJQHWLFSRWHQWLDOGLVWULEXWLRQRIVWDWRULVREWDLQHG
E\VROYLQJWKH0(&LQ)LJDFFRUGLQJWR.LUFKKRII¶VODZ
     I     79 $ȁ $ 9 ( ĭ  
ZKHUH $ LV WKH LQFLGHQFH PDWUL[ ȁ LV WKH EUDQFKSHUPHDQFH
PDWUL[9LVWKHQRGHPDJQHWLFSRWHQWLDOPDWUL[ĭLVWKHQRGH
IOX[PDWUL[RQWKHVWDWRUERUHZKLFKFRQVLVWVRIĳMDQG(LVWKH
EUDQFK00)PDWUL[FDOFXODWHGE\ZLQGLQJFXUUHQW>@





 

  
 
   
  

 


V
V V
V V
V
V
V V V
4
4 4 V ZN
QV
Z
4 4
Z
4
Z 4
4 4 4
( ( 4 Q L4
L( ( (
L( ( (
L( ( (

 



  
­    °°°   °°°®   °°°°°   °¯
¦
฀
 
ZKHUH ( (āāā (4V DUH WKH YDOXHV RI EUDQFK 00) ZKLFK
IRUPV(DQGLZLZāāāLZ4VDUHWKHZLQGLQJFXUUHQW
,URQUHOXFWDQFH 00)
I I I
$LUUHOXFWDQFH
āāā
9 9
94V
94V 94V
( (
(4V (4Vāāā
āāā
94V
94V 94V 94V
(4V
(4V
94V94V
I4V I4V I4V
D  
D S
94V 94V 94V
94V 94V
94V 94V94V94V
94V 94V 94V 94V
)LJ(TXLYDOHQWPDJQHWLFQHWZRUNRIWKHVWDWRU

7KH HTXLYDOHQW FXUUHQW RQ WKH VORW LV FDOFXODWHG IURP WKH
PDJQHWLF SRWHQWLDO GURS RI WKH VWDWRU \RNHV DQG VWDWRU WHHWK
ZKLOHWKHHTXLYDOHQWFXUUHQWRQWKHWRRWKVXUIDFHLVFDOFXODWHG
IURP WKH PDJQHWLF SRWHQWLDO GURS RI WKH WRRWKWLSV 7KLV
UHODWLRQVKLSLVH[SUHVVHGDV


 

 
 
 
VVN ZN P P
WON P P
WUN P P
L L 9 9
L 9 9
L 9 9

 

   ­°   ®°   ¯
 
ZKHUHLVVNDQGLZNDUHWKHHTXLYDOHQWDQGZLQGLQJFXUUHQWVRQWKH
NWK VORW RSHQLQJ UHVSHFWLYHO\ LWON DQG LWUN DUH WKH HTXLYDOHQW
FXUUHQWRQWKHOHIWDQGULJKWVLGHVRIWKHNWKWRRWKUHVSHFWLYHO\
NLVWKHLQGH[RIWRRWKDQGVORWN āāā4V7KH\DUHVSHFLILHG
LQ)LJ9PUHSUHVHQWVWKHPDJQHWLFSRWHQWLDORQWKHVWDWRUERUH
HJ P 4V LQ )LJ  +HQFH HTXDWLRQ  FDQ DOVR EH
H[SUHVVHGLQPDWUL[IRUPDV

  ­°  ®°  ¯
VV Z VV
WO WO
WU WU
, , & 9
, & 9
, & 9
 
ZKHUH&VV&WO&WUDUHFRQVWDQWPDWUL[FDOFXODWHGIURPDQG
 7  VVV VV VV4L L Lª º ¬ ¼VV, ฀  
 7  VZ Z Z4L L Lª º ¬ ¼Z, ฀  
 7  VWO WO WO4L L Lª º ¬ ¼WO, ฀  
 7  VWU WU WU4L L Lª º ¬ ¼WU, ฀  
7KHUHIRUHWKHHTXLYDOHQWFXUUHQWFDQEHREWDLQHGIURPDQG

U
LZLZ
LZ
LZ LZ
LZ
LVV
LVV
LVV LVV
LVV
5U
5V
LWU
LWOLWU
LWO
LWU LWO
LWO
LWU
LWO LWU
LWO
LWU
Į
LVV
D
 E
)LJ  &XUUHQW VKHHW GLVWULEXWLRQ RQ WKH VWDWRU ERUH RI WKH VORWOHVV PDFKLQH
LQFOXGLQJZLQGLQJFXUUHQWDQGVWDWRUVDWXUDWLRQFXUUHQW
% 6ORWWHG$LU*DS)LHOG6ROXWLRQ
6LQFH WKH HTXLYDOHQW FXUUHQW LV FDOFXODWHG WR UHSUHVHQW WKH
VDWXUDWLRQHIIHFW WKHVWDWRU LURQLVFRQVLGHUHGWRKDYHLQILQLWH
SHUPHDELOLW\ DV VKRZQ LQ )LJ  ,Q RUGHU WR VLPSOLI\ WKH
DQDO\WLFDOFDOFXODWLRQRIDLUJDSILHOGWKHHOHFWURPDJQHWLFILHOG
SUREOHPQHJOHFWLQJVORWWLQJHIIHFWLVJHQHUDOL]HGDVVKRZQLQ
)LJ5V5PDQG5UDUHWKHUDGLLRIVWDWRUERUHPDJQHWRXWHU
VXUIDFHDQGURWRU\RNHVXUIDFHUHVSHFWLYHO\-VLVWKHUHVXOWDQW
RIZLQGLQJFXUUHQWDQGHTXLYDOHQWFXUUHQWRIVDWXUDWLRQRQWKH
VWDWRUERUHDQGFDQEHH[SUHVVHGDVIURP)LJ

 





   
    
    
 
ZN VVN
V V V V
WON
V
V V V
WUN
V V V
V
L L E EN N
E 4 5 4 5
L WN N- W 4 5 4
L WN N
W 4 4 5
N 4
S SD
S SD
S SD
­   d d °°°  °  d d®°°  d d °°¯
 ฀
 
ZKHUHELVWKHVORWRSHQLQJWLVWKHWRRWKZLGWKRQWKHVWDWRU
ERUH
$VVKRZQLQ)LJWKHVORWOHVVDLUJDSILHOGLVREWDLQHGE\
VXSHUSRVLWLRQRIWKHILHOGSURGXFHGE\WKH30ZLQGLQJFXUUHQW
DQGHTXLYDOHQWFXUUHQWRIVDWXUDWLRQZLWKLQILQLWHO\SHUPHDEOH
LURQ 7KH UDGLDO DQG FLUFXPIHUHQWLDO DLUJDS ILHOG FDQ EH
H[SUHVVHGDV
 B            
U PU ZU VDW U
PU FU
% UW  % U  % UW % UW
% U  % UW
D T D D
T D  
 B            
P Z VDW
P F
% UW  % U  % UW % UW
% U  % UW
D D D D
D D
D T D D
T D  
ZKHUH%PUșUDQG%PĮșUDUHWKHUDGLDODQGFLUFXPIHUHQWLDO
ILHOGSURGXFHGE\ WKH30%ZUĮUWDQG%ZĮĮU WDUHWKH
UDGLDO DQG FLUFXPIHUHQWLDO ILHOG SURGXFHG E\ WKH ZLQGLQJ
FXUUHQW %VDWBUĮ U W DQG %VDWBĮĮ U W DUH WKH UDGLDO DQG
FLUFXPIHUHQWLDO ILHOGSURGXFHGE\ WKH HTXLYDOHQWFXUUHQWĮ LV
WKHVWDWRUDQJXODUSRVLWLRQZLWKUHIHUHQFHWRWKHD[LVRISKDVH$
ZLQGLQJș LV WKHURWRUDQJXODUSRVLWLRQZLWK UHIHUHQFH WR WKH
D[LVRIDPDJQHWSROHDQGș ȦUWșZKHUHșLVWKHLQLWLDOURWRU
SRVLWLRQDQGȦULVWKHPHFKDQLFDODQJXODUYHORFLW\
5U
5V
5P
-V
PU f
PU f )LJ+\EULGILHOGPRGHORIVORWOHVV630PDFKLQH
7KHVROXWLRQRI WKHVORWOHVVDLUJDS ILHOGSURGXFHGE\30V
QHJOHFWLQJ VDWXUDWLRQ HIIHFW ZDV GHULYHG LQ $SSHQGL[ >@
7KHUHIRUHWKLVSDSHURQO\JLYHVWKHILQDOH[SUHVVLRQVRIUDGLDO
DQGFLUFXPIHUHQWLDODLUJDSIOX[GHQVLW\


      FRV PU % %U
Q
% U . Q I U QST Tf
 
 ¦
฀
 


      VLQ P % %
Q
% U . Q I U QSD TT T
f
 
 ¦
฀
 
ZKHUH.%QI%UUDQGI%șUDUHJLYHQLQ$SSHQGL[>@
$V IRU WKH PDJQHWLF ILHOG SURGXFHG E\ VWDWRU FXUUHQW
LQFOXGLQJZLQGLQJFXUUHQWDQGHTXLYDOHQWFXUUHQWRIVDWXUDWLRQ
QHJOHFWLQJVDWXUDWLRQHIIHFWWKHJRYHUQLQJ/DSODFLDQHTXDWLRQ
LQWKHDLUJDSUHJLRQLV
      U UU U
M M M
D
w w w   ww w  
DQGWKHERXQGDU\FRQGLWLRQLV>@
 U
V
U 5
VU 5
%
+ -
D
D
 
 
­  °®  °¯
 
7KH )RXULHU VHULHV H[SDQVLRQ RI WKH FXUUHQW GLVWULEXWLRQ LV
REWDLQHGDV


 
 
 
 

   VLQ FRV
   VLQ FRV 
   VLQ FRV 
V
V
4
VVN ZN
V
N Y V V
4
WON
N Y V V V
WUN
N Y V V V
L L E N- Y YE Y 5 4
L W WNY YW Y 5 4 5
L W WNY YW Y 5 4 5
SDS
SDS
SDS
 
 
ª º§ · § ·  « »¨ ¸ ¨ ¸« »© ¹ © ¹¬ ¼
ª º§ · § ·  « »¨ ¸ ¨ ¸« »© ¹ © ¹¬ ¼
ª º§ · § · « »¨ ¸ ¨ ¸« »© ¹ © ¹¬ ¼
¦¦
¦¦
¦

V4
 
¦

 
%\ VROYLQJ WKH JRYHUQLQJ /DSODFLDQ HTXDWLRQ ZLWK WKH
ERXQGDU\FRQGLWLRQWKHUDGLDODQGFLUFXPIHUHQWLDOFRPSRQHQWV
RIWKHPDJQHWLFILHOGSURGXFHGE\WKHVWDWRUFXUUHQWDUHREWDLQHG
DV





   VLQ
    VLQ 
    VLQ 
V4 VVN ZN
FU VRY  Y
N Y V
WON 
VRY Y
V V
WUN 
VRY Y
V V
L L N% . E ) U YY 4
L W WN. ) U YY 4 5
L W WN. ) U YY 4 5
P SDS
SD
SD
 
­ ª º§ ·°  « »® ¨ ¸« »© ¹° ¬ ¼¯
ª º§ ·  « »¨ ¸« »© ¹¬ ¼
½ª º§ · ° « »¾¨ ¸« »© ¹ °¬ ¼¿
¦¦

 





    FRV
    FRV 
    FRV 
V4 VVN ZN
F VRY  Y
N Y V
WON 
VRY Y
V V
WUN 
VRY Y
V V
L L N% . E * U YY 4
L W WN. * U YY 4 5
L W WN. * U YY 4 5
D
P SDS
SD
SD
 
­ ª º§ ·°  « »® ¨ ¸« »© ¹° ¬ ¼¯
ª º§ ·  « »¨ ¸« »© ¹¬ ¼
½ª º§ · ° « »¾¨ ¸« »© ¹ °¬ ¼¿
¦¦

 
ZKHUHȝLVWKHSHUPHDELOLW\RIIUHHVSDFH)Y*YDQG.VRYDUH
JLYHQE\
   


   
Y Y
U
Y Y
V U V
5 UY U) U U 5 5 5
§ · ¨ ¸ © ¹
฀฀  
   


   
Y Y
U
Y Y
V U V
5 UY U* U U 5 5 5
§ · ¨ ¸ © ¹
฀฀  
  VLQ    VVRY V
Y 5. Y 5
EE E  
)RUWKHVORWWHG630PDFKLQHV&30EDVHGRQWKHFRQIRUPDO
PDSSLQJ LV LQWURGXFHG WR DFFRXQW IRU VORWWLQJ HIIHFW >@ 7KH
FRPSOH[ SHUPHDQFH IXQFWLRQ LV FDOFXODWHG RQO\ RQFH LQ WKH
ZKROHSUHGLFWLRQSURFHGXUHEHFDXVHLWFRPSOHWHO\GHSHQGVRQ
WKH VORW JHRPHWU\ DQG DLUJDS OHQJWK 7KXV WKH UDGLDO DQG
FLUFXPIHUHQWLDO FRPSRQHQWV RI WKH IOX[ GHQVLW\ LQ WKH VORWWHG
DLUJDSDUHREWDLQHGIURPWKRVHLQWKHVORWOHVVDLUJDS>@
 VU U U L
V U U L
% % %
% % %
D
D D
O O
O O
 
   
ZKHUH ȜU DQG ȜL DUH WKH UHDO DQG LPDJLQDU\ FRPSRQHQWV RI
FRPSOH[SHUPHDQFHUHVSHFWLYHO\7KHFDOFXODWLRQRIȜUDQGȜL
DUHGHVFULEHGLQ$SSHQGL[>@
& &RQYHUJHQW6ROYLQJ3URFHGXUH
,Q WKH SURSRVHG +)0 WKH DLUJDS ILHOG VROXWLRQ DQG
FDOFXODWLRQ RI HTXLYDOHQW FXUUHQW GHSHQG RQ HDFK RWKHU
7KHUHIRUH D VROYLQJ SURFHGXUH LV SURSRVHG WR LWHUDWLYHO\
FDOFXODWH WKH HTXLYDOHQW FXUUHQW DV ZHOO DV DLUJDS ILHOG DQG
JXDUDQWHH WKH FRQYHUJHQFH LQ RQH ORRS 7KH EDVLF LGHD LV WR
LQFRUSRUDWHWKHDLUJDSDQDO\WLFDOVROXWLRQLQWRWKHSURFHGXUHRI
VROYLQJ WKH0(&7KHUHIRUH LQ WKH0(& WKH DLUJDSIOX[ĳM
IORZLQJLQWRWKHVWDWRULVUHGHULYHGIURP


     
   
         
V
MN
4
M VVN M VVN ZN WON M WON
N
WUN M WUN U PU L P
V
M M M P M
J V L L J V L
J V L % % GV
V V V V
D
M
O O
M
 
ª  ¬
º  ¼
   
¦
³
VV VV Z WO WO WU WU* , , * ,  * ,
฀฀ ฀฀
฀฀
฀฀ ฀฀ ฀฀

ZKHUHJVVNJWONDQGJWUNDUHFDOFXODWHGIURPDQG
         VM VV M VV M VV4 MV J V J V J Vª º ¬ ¼VV* ฀  
         VM WO M WO M WO4 MV J V J V J Vª º ¬ ¼WO* ฀  
         VM WU M WU M WU4 MV J V J V J Vª º ¬ ¼WU* ฀  
7KHHTXLYDOHQWFXUUHQW,VV,Z,WO,WULQFDQEHFDOFXODWHG
IURPWKHPDJQHWLFSRWHQWLDOGLVWULEXWLRQRI0(&DFFRUGLQJWR
 7KXV ĳM LQ  FDQ EH H[SUHVVHG DV D IXQFWLRQ RI WKH
PDJQHWLFSRWHQWLDOGLVWULEXWLRQ9
         M M M M P MV V V VM M  VV VV WO WO WU WU* & * & * & 9 
,WFDQDOVREHH[SUHVVHGLQPDWUL[IRUPDV
     VV VV WO WO UO WU Pĭ 5 & 5 & 5 & 9 ĭ  
ZKHUH
 7       V4V V Vª º ¬ ¼VV VV VV VV5 * * *฀  
 7       V4V V Vª º ¬ ¼WO WO WO WO5 * * *฀  
 7       V4V V Vª º ¬ ¼UO WU WU WU5 * * *฀  
 7       V4V V Vª º ¬ ¼UO WU WU WU5 * * *฀  
 7       VP P P 4V V VM M Mª º ¬ ¼Pĭ ฀  
7KXVDFFRUGLQJWRWKHJHQHUDOVROXWLRQIRU0(&FDQEH
REWDLQHGE\
    
I ª º   ¬ ¼
   
7
VV VV WO WO UO WU
P
9 $ȁ$ 5 & 5 & 5 & 9
$ȁ( ĭ  
,WFDQEHVHHQIURPWKDWRQO\EUDQFKSHUPHDQFHPDWUL[
ȁGHSHQGVRQWKHPDJQHWLFSRWHQWLDOGLVWULEXWLRQZKLFKVKRXOG
EH GHWHUPLQHG LWHUDWLYHO\ XVLQJ %+ FXUYHV 7KH µQHZ¶ 0(&
FRPELQHG ZLWK DLUJDS ILHOG VROXWLRQ RI &30 FDQ EH VROYHG
EDVHGRQ1HZWRQ5DSKVRQPHWKRG)LJ  VKRZV WKHJHQHUDO
IORZFKDUWWRFDOFXODWHWKHHTXLYDOHQWFXUUHQWDQGPDJQHWLFILHOG
LQWKHDLUJDS7KXVRQO\RQHORRSLVUHTXLUHGWRVROYHWKHµQHZ¶
0(&ZKLFKKDV WDNHQ LQWR DFFRXQW WKH VDWXUDWLRQ HIIHFW DQG
JXDUDQWHHWKHFRQYHUJHQFH
$LUJDSILHOGGLVWULEXWLRQ
XQGHUDQ\ORDGFRQGLWLRQ
&DOFXODWHWKH-DFREL
PDWUL[RI
)OX[OLQNDJH
$QDO\WLFDO0RGHO
0DJQHWLF(TXLYDOHQW&LUFXLW
,QSXWZLQGLQJFXUUHQW
,QGXFHGYROWDJH
(OHFWURPDJQHWLF3HUIRUPDQFH
1R
<HV
&DOFXODWHWKHPDJQHWLF
SRWHQWLDO9EDVHGRQ
1HZWRQ5DSKVRQPHWKRG
0RGLI\SHUPHDELOLW\
XVLQJ%+FXUYHDQG
FDOFXODWHQHZȁ
&RQYHUJHG"
7RUTXH
)LHOGSURGXFHGE\30QHJOHFWLQJVDWXUDWLRQHIIHFW
,QLWLDOL]HSHUPHDELOLW\RI
VWDWRULURQDQGWKH
PDJQHWLFSRWHQWLDO9
)LHOGSURGXFHGE\FXUUHQWQHJOHFWLQJVDWXUDWLRQHIIHFW
&DOFXODWHĭP &DOFXODWH5VV5WO5WU
)RUPWKH0(&
DQGFDOFXODWH$ȁ
&VV&WO&WU
&DOFXODWH(
&DOFXODWHHTXLYDOHQWFXUUHQWRQWKHVWDWRUERUH
)LJ  *HQHUDO IORZFKDUW WR FDOFXODWH WKH PDJQHWLF ILHOG GLVWULEXWLRQ XVLQJ
FRQYHUJHQWFDOFXODWLRQSURFHGXUH
,,, (/(&7520$*1(7,&3(5)250$1&(
:KHQ WKH DLUJDS ILHOG GLVWULEXWLRQ RI WKH 630 PDFKLQH
XQGHURQORDGFRQGLWLRQLVSUHGLFWHGWKHPDLQIOX[OLQNLQJRQH
VWDWRUZLQGLQJFRLOFDQEHH[SUHVVHGDV
       LLL V HI VU VW 5 O % 5 W G
D W
D WM D D

 ³  
ZKHUHOHI LVWKHHIIHFWLYHD[LDO OHQJWKRIDVWDWRUFRLOĮLDQGĲ
UHSUHVHQW WKHDQJOH RI D[LV DQGFRLO SLWFK IRU RQH FRLO RI DQ\
SKDVH7KHWRWDOIOX[OLQNDJHLQFOXGHVWKHVORWOHDNDJHIOX[DQG
WRRWKWLS OHDNDJH IOX[ ZKLFK FDQ EH FDOFXODWHG IURP 0(&
+HQFHE\VXPPLQJWKHIOX[OLQNDJHVDVVRFLDWHGZLWKDOOFRLOV
IURPWKHVDPHSKDVHWKHWRWDOIOX[OLQNDJHȥSKLVREWDLQHGE\
         
  
SK F L LM L M
L M M
W 1 W W W
J JN
W\ M M M 
   
§ ·  ¨ ¸© ¹¦ ¦ ¦  
ZKHUH1FLVWKHQXPEHURIWXUQVSHUVORWIRURQHSKDVHțLVWKH
QXPEHURIWKHFRLOVRIWKHVDPHSKDVHLQGLIIHUHQWVORWVȖLVWKH
OD\HURIWKHWDQJHQWLDOPDJQHWLFUHOXFWDQFHLQRQHVORWĳLMDQG
ĳLWMLVWKHWDQJHQWLDOIOX[LQWKHVORWWKDWFRYHUVWKHFRLO7KHQ
WKH LQGXFHG YROWDJH LV GHILQHG DV WKH GHULYDWLYH RI WKH IOX[
OLQNDJHZLWKUHVSHFWWRWLPHXQGHURQORDGFRQGLWLRQ
     SKSK
G8 SK $ % &GW
\   
:KHQ WKH UDGLDO DQG WDQJHQWLDO FRPSRQHQWV RI WKH DLUJDS
IOX[GHQVLW\DUHSUHGLFWHGWKHWRWDOWRUTXHRIWKH630PDFKLQH
FDQ EH FDOFXODWHG E\ LQWHJUDWLQJ WKH 0D[ZHOO¶V VWUHVV WHQVRU
DORQJDFLUFOHZLWKDUDGLXVRIULQVLGHWKHDLUJDS>@
  
      HI VU V7 O U % UW % UW GS DD D DP ³  
,9 )($1'(;3(5,0(17$/9$/,'$7,21
,QRUGHUWRYDOLGDWHWKHSURSRVHGPRGHOWZRLQWHJHUVORW
SROHVORWDQGIUDFWLRQDOVORWSROHVORW630PDFKLQHV
DUHLQYHVWLJDWHGE\+)0&30DQG)(07$%/(,JLYHVWKH
PDMRUSDUDPHWHUVRIWKHVHWZRPDFKLQHV)LJVKRZVWKHIOX[
GHQVLW\GLVWULEXWLRQRIWKHLQWHJHUVORWDQGIUDFWLRQDOVORW630
PDFKLQHVDWUDWHGFXUUHQWZKLFKDOVRLOOXVWUDWHVWKHVDWXUDWLRQ
OHYHORIWKHPDFKLQHV7KHSROHVORWPDFKLQHLVRSHUDWHG
LQWKH%/$&PRGHZKLOHWKHRWKHULVLQWKH%/'&PRGH)LJ
)LJSUHVHQWVWKHVWDWRUDQGURWRURISROHVORWSURWRW\SH
PDFKLQHZKLFKLVXVHGIRUH[SHULPHQWDOYDOLGDWLRQ
7$%/(,
0$,13$5$0(7(562)352727<3(6300$&+,1(6
3DUDPHWHU SROHVORW SROHVORW 8QLW
6WDWRURXWHUUDGLXV   PP
6WDWRULQQHUUDGLXV   PP
$LUJDSOHQJWK   PP
0DJQHWWKLFNQHVV   PP
5RWRURXWHUUDGLXV   PP
6KDIWUDGLXV   PP
6WDWRU\RNHKHLJKW   PP
$FWLYHOHQJWK   PP
6ORWRSHQLQJ   PP
7RRWKERG\ZLGWK   PP
3ROHDUFWRSROHSLWFKUDWLR   
0DJQHWUHPDQHQFH   7
5HODWLYHUHFRLOSHUPHDELOLW\   
0DJQHWL]DWLRQ 3DUDOOHO 3DUDOOHO 
5DWHGVSHHG   USP
1XPEHURISROHSDLUV   
1XPEHURIVORWV   
5DWHGFXUUHQW   $
/DPLQDWLRQPDWHULDO :*:: 7UDQVLO 
2SHUDWLRQPRGH %/$& %/'& 


 DE
)LJ)OX[GHQVLW\GLVWULEXWLRQRI630SURWRW\SHPDFKLQHVDWUDWHGFXUUHQW
DSROHVORWESROHVORW
D
E
)LJ7KHFXUUHQWZDYHIRUPVRIWKH630PDFKLQHVDWUDWHGORDGD
SROHVORWESROHVORW
 DE
)LJSROHVORWSURWRW\SH630PDFKLQHDVWDWRUEURWRU
:KHQWKHPDFKLQHVDUHRSHUDWLQJXQGHUWKH UDWHGORDG WKH
DUPDWXUH UHDFWLRQ ILHOG LQFUHDVHV WKH VDWXUDWLRQ OHYHO DQG
WKHUHIRUHPDNHVWKHDGYDQWDJHRI+)0VLJQLILFDQW)LJV
VKRZ WKDW +)0 FDQ DFFXUDWHO\ SUHGLFW WKH UDGLDO DQG
FLUFXPIHUHQWLDOFRPSRQHQWVRIIOX[GHQVLW\LQWKHDLUJDSZKLOH
&30DOZD\VRYHUHVWLPDWHV WKHPGXH WRQHJOHFWLQJVDWXUDWLRQ
HIIHFWIRUERWKPDFKLQHV0RUHRYHUWKHDYHUDJHUDGLDODLUJDS
IOX[ GHQVLWLHV IDFLQJ WKH IRXUWK WRRWK IRU SROHVORW
PDFKLQHDQGIDFLQJWKHVHYHQWKWRRWKIRUSROHVORWPDFKLQH
DUHSUHGLFWHGE\+)0&30DQG)(0DWGLIIHUHQWSHDNFXUUHQW
DVVKRZQLQ)LJV5DGLDOFRPSRQHQWRIWKHIOX[GHQVLW\
SUHGLFWHG E\ +)0 DJUHHV ZHOO ZLWK )(0 SUHGLFWLRQV DW
GLIIHUHQW SHDN FXUUHQW ZKLOH WKH IOX[ GHQVLWLHV SUHGLFWHG E\
&30DUHPXFKKLJKHUWKDQWKRVHSUHGLFWHGE\)(0DVFDQEH
VHHQLQERWKPDFKLQHV
D
E
)LJ+)0&30DQG)(0SUHGLFWHGDLUJDSIOX[GHQVLW\ZDYHIRUPVLQ
WKHPLGGOHRIWKHDLUJDSRISROHVORW630PDFKLQHDWUDWHGFXUUHQWD
UDGLDODQGEFLUFXPIHUHQWLDO
D
E
)LJ+)0&30DQG)(0SUHGLFWHGDLUJDSIOX[GHQVLW\ZDYHIRUPVLQWKH
PLGGOHRIWKHDLUJDSRISROHVORW630PDFKLQHDWUDWHGFXUUHQWDUDGLDO
DQGEFLUFXPIHUHQWLDO








      
&X
UUH
QW
$
5RWRUSRVLWLRQ(OHF'HJ
3KDVH$ 3 KDVH% 3 KDVH&







      
&X
UUH
QW
$
5RWRUSRVLWLRQ(OHF'HJ
3 KDVH$ 3 KDVH% 3 KDVH&







         
)OX
[G
HQ
VLW
\
7
3RVLWLRQ0HFK'HJ
+)0
&30
)(0





         
)OX
[G
HQ
VLW
\
7
3RVLWLRQ0HFK'HJ
+)0 &30 )(0






      
)OX
[G
HQ
VLW
\
7
3RVLWLRQ0HFK'HJ
+)0 &30 )(0






      
)OX
[G
HQ
VLW
\
7
3RVLWLRQ0HFK'HJ
+)0 &30 )(0
)LJ9DULDWLRQRIDYHUDJHUDGLDODLUJDSIOX[GHQVLW\IDFLQJWKHIRXUWKWRRWK
ZLWKSHDNFXUUHQWRISROHVORW630PDFKLQH

)LJ9DULDWLRQRIDYHUDJHUDGLDODLUJDSIOX[GHQVLW\IDFLQJWKHVHYHQWKWRRWK
ZLWKSHDNFXUUHQWRISROHVORW630PDFKLQH

)LJVVKRZWKDW+)0FDQDFKLHYHH[FHOOHQWDFFXUDF\
RIIOX[OLQNDJHDWUDWHGFXUUHQWZKLOH&30VKRZVORZDFFXUDF\
IRUERWKPDFKLQHV:KHQWKHPDFKLQHVDUHXQGHUGLIIHUHQWORDG
FRQGLWLRQ WKH DPSOLWXGH DQG SKDVH RI WKH IXQGDPHQWDO IOX[
OLQNDJH SUHGLFWHG E\ +)0 &30 DQG )(0 DUH FRPSDUHG LQ
)LJV,WFDQEHVHHQWKDWWKHDPSOLWXGHRI+)0SUHGLFWHG
IOX[ OLQNDJH LV PRUH DFFXUDWH WKDQ WKDW SUHGLFWHG E\ &30
0RUHRYHUWKHSKDVHHUURURI&30LVLQFUHDVLQJUDSLGO\DVWKH
SHDNFXUUHQWJURZVZKLOHWKHSKDVHSUHGLFWHGE\+)0LVFORVH
WR)(0SUHGLFWLRQDWGLIIHUHQWSHDNFXUUHQW
)LJ+)0&30DQG)(0SUHGLFWHGIOX[OLQNDJHZDYHIRUPVRIWKH
SROHVORW630PDFKLQHDWUDWHGFXUUHQW
)LJ+)0&30DQG)(0SUHGLFWHGIOX[OLQNDJHZDYHIRUPVRISROH
VORW630PDFKLQHDWUDWHGFXUUHQW
D
E
)LJ9DULDWLRQRIDPSOLWXGHDQGSKDVHRIWKHIXQGDPHQWDOIOX[OLQNDJHZLWK
SHDNFXUUHQWRISROHVORW630PDFKLQHDDPSOLWXGHDQGESKDVH

D





        
)OX
[G
HQ
VLW
\
7
3HDNFXUUHQW$
+)0
&30
)(0






      
)OX
[G
HQ
VLW
\
7
3HDNFXUUHQW$
+)0
&30
)(0









      
)OX
[O
LQN
DJ
H
:E

5RWRUSRVLWLRQ(OHF'HJ
+)0
&30
)(0





      
)OX
[O
LQN
DJ
H
h

 :
E
5RWRUSRVLWLRQ(OHF'HJ
+)0
&30
)(0






        )
OX[
OLQ
ND
JH
DP
SOL
WXG
H
:E

3HDNFXUUHQW$
+)0
&30
)(0





        
)OX
[O
LQN
DJ
HS
KD
VH
G
HJ
UHH

3HDNFXUUHQW$
+)0
&30
)(0




      
)OX
[O
LQN
DJ
HD
PS
OLWX
GH

h

 :
E
3HDNFXUUHQW$
+)0
&30
)(0
E
)LJ9DULDWLRQRIDPSOLWXGHDQGSKDVHRIWKHIXQGDPHQWDOIOX[OLQNDJHZLWK
SHDNFXUUHQWRISROHVORW630PDFKLQHDDPSOLWXGHDQGESKDVH
)LJVVKRZWKDW+)0KDVKLJKDFFXUDF\IRUSUHGLFWLQJ
WKH LQGXFHG YROWDJH ZDYHIRUP DW UDWHG FXUUHQW ZKLOH &30
H[KLELWVODUJHHUURUVIRUERWKPDFKLQHV7KHLQGXFHGYROWDJHRI
SROHVORW PDFKLQH IURP )LJ  KDV KLJK VXUJH YROWDJH
EHFDXVH WKH FXUUHQWZDYHIRUP LQ WKH VLPXODWLRQ)LJE LV
LGHDODQGKDVXQVPRRWKFKDQJHV+RZHYHU+)0FRQVLVWHQWO\
DFKLHYHV JRRG DFFXUDF\ %HVLGHV WKH H[FHOOHQW DFFXUDF\ RI
+)0 FDQ DOVR EH REVHUYHG E\ WKH FRPSDULVRQ RI KDUPRQLF
FRPSRQHQWRILQGXFHGYROWDJHLQ)LJV)LJVVKRZ
WKHFRPSDULVRQEHWZHHQWKH+)0&30DQG)(0SUHGLFWLRQV
RIWKHDPSOLWXGHDQGSKDVHRIWKHIXQGDPHQWDOLQGXFHGYROWDJH
DWGLIIHUHQW SHDNFXUUHQW$JDLQ+)0 FDQ DFFXUDWHO\SUHGLFW
WKH DPSOLWXGH DQG SKDVH RI WKH IXQGDPHQWDO LQGXFHG YROWDJH
ZKLOH &30 SUHGLFWV KLJKHU DPSOLWXGH RI WKH IXQGDPHQWDO
LQGXFHG YROWDJH ZLWK ODUJHU SKDVH HUURU 6XFK DGYDQWDJHV RI
+)0LVDWWULEXWHWRLWVLQFOXVLRQRIIOX[OHDNDJHDQGVDWXUDWLRQ
HIIHFWIRUSUHGLFWLQJIOX[OLQNDJHDQGLQGXFHGYROWDJH
)LJ+)0&30DQG)(0SUHGLFWHGLQGXFHGYROWDJHZDYHIRUPVRI
SROHVORW630PDFKLQHDWUDWHGFXUUHQW

)LJ+)0&30DQG)(0SUHGLFWHGLQGXFHGYROWDJHZDYHIRUPVRI
SROHVORW630PDFKLQHDWUDWHGFXUUHQW
)LJ+DUPRQLFFRPSRQHQWRI+)0&30DQG)(0SUHGLFWHGLQGXFHG
YROWDJHRISROHVORW630PDFKLQHDWUDWHGFXUUHQW
)LJ+DUPRQLFFRPSRQHQWRI+)0&30DQG)(0SUHGLFWHGLQGXFHG
YROWDJHRISROHVORW630PDFKLQHDWUDWHGFXUUHQW
D








      
)OX
[O
LQN
DJ
HS
KD
VH
G
HJ
UHH

3HDNFXUUHQW$
+)0
&30
)(0







      
,QG
XF
HG
YR
OWD
JH
9
5RWRUSRVLWLRQ(OHF'HJ
+)0
&30
)(0





      
,QG
XF
HG
YR
OWD
JH
9

5RWRUSRVLWLRQ(OHF'HJ
+)0
&30
)(0






    
,QG
XF
HG
YR
OWD
JH
DP
SOL
WXG
H
9
+DUPRQLFQXPEHU
+)0 &30 )(0




    
,QG
XF
HG
YR
OWD
JH
DP
SOL
WXG
H
9
+DUPRQLFQXPEHU
+)0 &30 )(0







        
,QG
XF
HG
YR
OWD
JH
DP
SOL
WXG
H
9
3HDNFXUUHQW$
+)0
&30
)(0
E
)LJ9DULDWLRQRIDPSOLWXGHDQGSKDVHRIWKHIXQGDPHQWDOLQGXFHGYROWDJH
ZLWKSHDNFXUUHQWRISROHVORW630PDFKLQHDDPSOLWXGHDQGESKDVH
D
E
)LJ9DULDWLRQRIDPSOLWXGHDQGSKDVHRIWKHIXQGDPHQWDOLQGXFHGYROWDJH
ZLWKSHDNFXUUHQWRISROHVORW630PDFKLQHDDPSOLWXGHDQGESKDVH

)LJVKRZVWKDWWKHWRUTXHZDYHIRUPSUHGLFWHGE\+)0
DJUHHVZHOOZLWK)(0SUHGLFWLRQDW UDWHGFXUUHQWZKLOH&30
RYHUHVWLPDWHVLWIRUSROHVORWPDFKLQH$VIRUSROHVORW
PDFKLQHWKH+)0SUHGLFWLRQDJUHHVZHOOZLWKERWK)(0DQG
PHDVXUHG UHVXOWV ZKLOH &30 DOZD\V SUHGLFWV KLJKHU WRUTXH
ZDYHIRUPLQ)LJ0RUHRYHUDVVKRZQLQ)LJVWKH
DYHUDJHWRUTXHSUHGLFWHGE\+)0DFKLHYHVH[FHOOHQWDFFXUDF\
DW GLIIHUHQW ORDG FXUUHQW ZKLOH WKH HUURU RI &30 SUHGLFWLRQ
JUDGXDOO\EHFRPHVODUJHUZLWKWKHLQFUHDVHRIORDG
)LJ+)0&30DQG)(0SUHGLFWHGWRUTXHZDYHIRUPVRISROHVORW
630PDFKLQHDWUDWHGFXUUHQW
)LJ+)0&30)(0SUHGLFWHGWRUTXHZDYHIRUPVDQGPHDVXUHGWRUTXH
ZDYHIRUPRISROHVORWPDFKLQHDWUDWHGFXUUHQW
)LJ9DULDWLRQRIDYHUDJHWRUTXHZLWKSHDNFXUUHQWRISROHVORW630
PDFKLQH
)LJ9DULDWLRQRIDYHUDJHWRUTXHZLWKSHDNFXUUHQWRISROHVORW630
PDFKLQH
9 &21&/86,21
7KLVSDSHUKDVGHYHORSHGDK\EULGILHOGPRGHOIRUSUHGLFWLQJ






        
,QG
XF
HG
YR
OWD
JH
,S
KD
VH

GH
JUH
H
3HDNFXUUHQW$
+)0
&30
)(0





      
,QG
XF
HG
YR
OWD
JH
DP
SOL
WXG
H
9
3HDNFXUUHQW$
+)0
&30
)(0






      
,QG
XF
HG
YR
OWD
JH
SK
DV
H
GH
JUH
H
3HDNFXUUHQW$
+)0
&30
)(0





      
7R
UTX
H
1P

5RWRUSRVLWLRQ(OHF'HJ
+)0 &30 )(0









      
7R
UTX
H
1P

5RWRUSRVLWLRQ(OHF'HJ
+)0
&30
)(0
0HDVXUHG







        
$Y
HUD
JH
7R
UTX
H
1P

3HDNFXUUHQW$
+)0
&30
)(0






      
$Y
HUD
JH
7R
UTX
H
1P

3HDNFXUUHQW$
+)0
&30
)(0
WKH RQORDG ILHOG DQG HOHFWURPDJQHWLF SHUIRUPDQFH LQ 630
PDFKLQHV FRQVLGHULQJ VDWXUDWLRQ HIIHFW 7KH VDWXUDWLRQ RI WKH
VWDWRU\RNHDQGWRRWKERG\LVUHSUHVHQWHGE\HTXLYDOHQWFXUUHQW
RQ WKH VORW ZKLOH WKH WRRWKWLS VDWXUDWLRQ LV DFFRXQWHG IRUE\
DGGLWLRQDOHTXLYDOHQWFXUUHQWVKHHWRQWKHWRRWKVXUIDFH%DVHG
RQVXFKHTXLYDOHQWFXUUHQWVKHHWVWKHSHUPHDELOLW\RIWKHLURQ
FDQEHUHJDUGHGDVLQILQLWHDQGVXSHUSRVLWLRQWKHRU\LVDSSOLHG
WRFDOFXODWHWKHRQORDGDLUJDSILHOGSURGXFHGE\30VZLQGLQJ
FXUUHQW DQG HTXLYDOHQW FXUUHQW ,Q RUGHU WR FDOFXODWH WKH
HTXLYDOHQW FXUUHQW D VROYLQJ SURFHGXUH LV LQWURGXFHG WR
JXDUDQWHHWKHFRQYHUJHQFH7KHQWKHDLUJDSILHOGGLVWULEXWLRQ
IOX[OLQNDJHLQGXFHGYROWDJHDQGWRUTXHDUHDOOREWDLQHGIURP
+)0,WFDQEHVHHQWKDW+)0KDVKLJKHUDFFXUDF\WKDQ&30
IRU SUHGLFWLQJ WKH DLUJDS ILHOG DQG HOHFWURPDJQHWLF
SHUIRUPDQFHGXHWRFRQVLGHULQJVDWXUDWLRQHIIHFW%HVLGHVERWK
)(0 SUHGLFWLRQV DQG H[SHULPHQWDO UHVXOWV GHPRQVWUDWHV
H[FHOOHQWDFFXUDF\RI+)0

$33(1',;
$ )LHOG3URGXFHGE\30
7KHJRYHUQLQJ/DSODFLDQHTXDWLRQLQWKHDLUJDSUHJLRQLV>@
      , , ,U UU U
M M M
D
w w w   ww w  
ZKLOH WKH JRYHUQLQJ TXDVL3RLVVRQLDQ HTXDWLRQ LQ WKH
SHUPDQHQWPDJQHWUHJLRQLV
      ,, ,, ,,
U
GLY0U UU U
M M M
PD
w w w   ww w
฀฀฀ 
7KH ERXQGDU\ FRQGLWLRQ LQ WKH DLUJDS UHJLRQ DQG SHUPDQHQW
PDJQHWUHJLRQLV



V
U
P P
P P
, U 5
,, U 5
U, U,,U 5 U 5
, ,,U 5 U 5
+
+
% %
+ +
D
D
D D
 
 
  
  
­  °  °°®  °°  °¯
 
7KHJHQHUDOVROXWLRQRIWKHDLUJDSILHOGSURGXFHGE\30VLV
VKRZQLQDQGZKHUH.%QI%UUDQGI%șUDUHJLYHQ
DV
ZKHQQSĮ

 


 
 
  
  
    
 
Q
%
P
QS QS
U U
Q Q
P P
QS QS QS
P P PU U
P V P V P
0 QS. Q QS
5 5$ $5 5
55 5
5 5 5
P
P
P P
P P

 
§ · § ·   ¨ ¸ ¨ ¸© ¹ © ¹ ª º ª º§ · § · § · « » « »  ¨ ¸ ¨ ¸ ¨ ¸« » « »© ¹ © ¹ © ¹¬ ¼ ¬ ¼

 
   UQQ
Q
0$ QS QS 0 QS
§ ·  ¨ ¸© ¹
 

  
 
QS QS QS
P P
%U
V V
5 5UI U 5 5 U
  § · § · § · ¨ ¸ ¨ ¸ ¨ ¸© ¹© ¹ © ¹  

  
U
QS QS QS
P P
%
V V
5 5UI 5 5 UT
  § · § · § ·  ¨ ¸ ¨ ¸ ¨ ¸© ¹© ¹ © ¹  
ZKHQQS 


   
 
  
  
OQ

 
Q
%
P
P PU U
Q Q
V V V V
P P PU U
P V P V P
0. Q
5 55 5$ $5 5 5 5
55 5
5 5 5
P
P
P P
P P
 
§ · § · § · § · ¨ ¸ ¨ ¸ ¨ ¸ ¨ ¸© ¹ © ¹ © ¹ © ¹
ª º ª º§ · § · § · « » « »  ¨ ¸ ¨ ¸ ¨ ¸« » « »© ¹ © ¹ © ¹¬ ¼ ¬ ¼

 

 UQ 0$ 0   


   V%U 5I U U
§ ·  ¨ ¸© ¹
 


U  V% 5I UT
§ ·   ¨ ¸© ¹
 
ZKHUHȝPLVWKHUHODWLYHUHFRLOSHUPHDELOLW\RIWKH30SLVWKH
QXPEHURISROHSDLUVZKHUH0QLVGHILQHGDV
 Q UQ Q0 0 QS0T   
ZKHUHIRUUDGLDOPDJQHWL]DWLRQ
 
VLQ  

S
UQ U S
S
Q
0 % Q
SD
P D SD  
 Q0T   
DQGIRUSDUDOOHOPDJQHWL]DWLRQ
   

 UUQ S Q Q%0 $ $DP   
   

 UQ S Q Q%0 $ $T DP   
ZKHUH



VLQ   
  
  
VLQ      
  
S
Q
S
SQ
S
QS S$
QS S
QS
QS$ S QS
QS S
SD
SD
SD
SD
ª º« »¬ ¼ 

 ­° ª º° ° « » ® ¬ ¼ z°° °¯
 
ZKHUHĮLVWKHVWDWRUDQJXODUSRVLWLRQZLWKUHIHUHQFHWRWKHD[LV
RISKDVH$ZLQGLQJĮSLVWKHPDJQHWSROHDUFWRSROHSLWFKUDWLR
DQG%ULVWKHPDJQHWUHPDQHQFH
% 6ORWWLQJ(IIHFW
7KH FRPSOH[ SHUPHDQFH IXQFWLRQ LV FDOFXODWHG XVLQJ IRXU
FRQIRUPDOWUDQVIRUPDWLRQV>@
 OQ D D= U M T    





 OQ  WDQ
OQ V
J S E S E S= M S E S E E
5 M
S
T
ª º§ ·   « »¨ ¸ © ¹¬ ¼
 
 
 Z  ES Z  D  



 OQ 
VJM Z
V. 5 H
T
S   
  D ED U LD
. MU HT
ZO O OZ Z
     
ZKHUHȜLVWKHFRPSOH[UHODWLYHDLUJDSSHUPHDQFHUDDQGșDLV
WKH DLUJDS SRVLWLRQ RI WKH PDFKLQH LQ SRODU FRRUGLQDWHV
șV S4VDDQGEDUHGHVFULEHGDV


 

 
  
E EE J J
ª º§ ·« »  ¨ ¸« »© ¹¬ ¼
 
 D E  
 
 OQ V
U
5J 5  
ZKHUHșLVWKHDQJOHRIWKHVORWFRUQHU

5()(5(1&(6
>@ = 4 =KX DQG ' +RZH (OHFWULFDO PDFKLQHV DQG GULYHV IRU HOHFWULF
K\EULGDQGIXHOFHOOYHKLFOHV3URF,(((YROQRSS
$SU
>@ 6 5XRKR76DQWD1RNNL-.ROHKPDLQHQDQG$$UNNLR 0RGHOLQJ
PDJQHWOHQJWKLQ'ILQLWHHOHPHQWDQDO\VLVRIHOHFWULFPDFKLQHV,(((
7UDQV0DJQYROQRSS±$XJ
>@ = 4 =KX ' +RZH ( %ROWH DQG % $FNHUPDQQ ³,QVWDQWDQHRXV
PDJQHWLFILHOGGLVWULEXWLRQLQEUXVKOHVVSHUPDQHQWPDJQHWGFPRWRUV3DUW
,RSHQFLUFXLW ILHOG´ ,(((7UDQV0DJQYROQRSS±
-DQ
>@ = 4 =KX DQG ' +RZH ,QVWDQWDQHRXV PDJQHWLF ILHOG GLVWULEXWLRQ LQ
EUXVKOHVV SHUPDQHQW PDJQHW '& PRWRUV ,, DUPDWXUHUHDFWLRQ ILHOG
,(((7UDQV0DJQYROQRSS-DQ
>@ = 4 =KX DQG ' +RZH ,QVWDQWDQHRXV PDJQHWLF ILHOG GLVWULEXWLRQ LQ
EUXVKOHVV SHUPDQHQW PDJQHW '& PRWRUV ,,, HIIHFW RI VWDWRU VORWWLQJ
,(((7UDQV0DJQYROQRSS-DQ
>@ '=DUNR'%DQDQG7$/LSR$QDO\WLFDOFDOFXODWLRQRIPDJQHWLF
ILHOG GLVWULEXWLRQ LQ WKH VORWWHG DLU JDS RI D VXUIDFH SHUPDQHQWPDJQHW
PRWRUXVLQJFRPSOH[UHODWLYHDLUJDSSHUPHDQFH ,(((7UDQV0DJQ
YROQRSS-XO\
>@ 1%RXOHV3UHGLFWLRQRIQRORDGIOX[GHQVLW\GLVWULEXWLRQLQSHUPDQHQW
PDJQHWPDFKLQHV,(((7UDQV ,QG$SSOYRO ,$QR SS
0D\
>@ 7&2
&RQQHOODQG37.UHLQ$6FKZDU]&KULVWRIIHOEDVHGDQDO\WLFDO
PHWKRG IRU HOHFWULF PDFKLQH ILHOG DQDO\VLV ,((( 7UDQV (QHUJ\
&RQYHUVYROQRSS6HSW
>@ . %RXJKUDUD 5 ,EWLRXHQ ' =DUNR 2 7RXKDPL DQG $ 5H]]RXJ
0DJQHWLFILHOGDQDO\VLVRIH[WHUQDOURWRUSHUPDQHQWPDJQHWV\QFKURQRXV
PRWRUVXVLQJFRQIRUPDOPDSSLQJ,(((7UDQV0DJQYROQRSS
6HSW
>@ / - :X = 4 =KX ' 6WDWRQ 0 3RSHVFX DQG ' +DZNLQV $Q
LPSURYHG VXEGRPDLQ PRGHO IRU SUHGLFWLQJ PDJQHWLF ILHOG RI VXUIDFH
PRXQWHGSHUPDQHQW PDJQHW PDFKLQHVDFFRXQWLQJ IRU WRRWKWLSV ,(((
7UDQV0DJQYROQRSS-XQH
>@ $'DODODQG3.XPDU$QDO\WLFDOPRGHOIRUSHUPDQHQWPDJQHWPRWRU
ZLWK VORWWLQJ HIIHFW DUPDWXUH UHDFWLRQ DQG IHUURPDJQHWLF PDWHULDO
SURSHUW\,(((7UDQV0DJQYROQRSS'HF
>@ 3/LDQJ)&KDL</LDQG<3HL$QDO\WLFDOSUHGLFWLRQRIPDJQHWLF
ILHOGGLVWULEXWLRQLQVSRNHW\SHSHUPDQHQWPDJQHWV\QFKURQRXVPDFKLQHV
DFFRXQWLQJ IRU EULGJH VDWXUDWLRQ DQG PDJQHW VKDSH ,((( 7UDQV ,QG
(OHFWURQYROQRSS0D\
>@ ='MHOORXO.KHGGD.%RXJKUDUD)'XEDVDQG5,EWLRXHQ1RQOLQHDU
DQDO\WLFDOSUHGLFWLRQRIPDJQHWLFILHOGDQGHOHFWURPDJQHWLFSHUIRUPDQFHV
LQVZLWFKHGUHOXFWDQFHPDFKLQHV,(((7UDQV0DJQYROQRSS
-XO\
>@ 0)DUVKDGQLD0$0&KHHPD5'XWWDDQG-()OHWFKHU$QDO\WLFDO
PRGHOLQJRIDUPDWXUHUHDFWLRQDLUJDSIOX[GHQVLW\FRQVLGHULQJWKHQRQ
KRPRJHQHRXVO\ VDWXUDWHG URWRU LQ D IUDFWLRQDOVORW FRQFHQWUDWHGZRXQG
,30PDFKLQH,(((7UDQV0DJQYROQRSS)HE
>@ ) 5 $ODP DQG . $EEDV]DGHK 0DJQHWLF ILHOG DQDO\VLV LQ HFFHQWULF
VXUIDFHPRXQWHGSHUPDQHQWPDJQHWPRWRUVXVLQJDQLPSURYHGFRQIRUPDO
PDSSLQJPHWKRG,(((7UDQV(QHUJ\&RQYHUVYROQRSS
0DUFK
>@ .$EEDV]DGHKDQG)5H]DHH$ODP2QORDGILHOGFRPSRQHQWVHSDUDWLRQ
LQ VXUIDFHPRXQWHG SHUPDQHQWPDJQHW PRWRUV XVLQJ DQ LPSURYHG
FRQIRUPDOPDSSLQJPHWKRG,(((7UDQV0DJQYROQRSS
)HE
>@ )5H]DHH$ODP%5H]DHHDODPDQG-)DL]8QEDODQFHGPDJQHWLFIRUFH
DQDO\VLVLQHFFHQWULFVXUIDFHSHUPDQHQWPDJQHWPRWRUVXVLQJDQLPSURYHG
FRQIRUPDOPDSSLQJPHWKRG,(((7UDQV(QHUJ\&RQYHUVYROQR
SS0DU
>@ $+DQLF'=DUNRDQG=+DQLF$QRYHOPHWKRGIRUQRORDGPDJQHWLF
ILHOG DQDO\VLV RI VDWXUDWHG VXUIDFH SHUPDQHQWPDJQHW PDFKLQHV XVLQJ
FRQIRUPDO PDSSLQJ DQG PDJQHWLF HTXLYDOHQW FLUFXLWV ,((( 7UDQV
(QHUJ\&RQYHUVYROQRSS-XQ
>@ $ +DQLF ' =DUNR ' .XKLQHN DQG = +DQLF 2Q/RDG DQDO\VLV RI
VDWXUDWHGVXUIDFHSHUPDQHQWPDJQHWPDFKLQHVXVLQJFRQIRUPDOPDSSLQJ
DQGPDJQHWLFHTXLYDOHQWFLUFXLWV,(((7UDQV(QHUJ\&RQYHUVQR
SS-DQ
>@ /-:X=./L;<+XDQJ</=KRQJ<7)DQJDQG=4=KX
$K\EULGILHOGPRGHOIRURSHQFLUFXLWILHOGSUHGLFWLRQLQVXUIDFHPRXQWHG
30PDFKLQHVFRQVLGHULQJVDWXUDWLRQ,(((7UDQV0DJQLQSUHVV
>@ 9 2VWRYLF'\QDPLFV RI VDWXUDWHGHOHFWULFPDFKLQHV1HZ<RUN1<
86$6SULQJHU9HUODJ
>@ =4=KX'+RZHDQG&&&KDQ ,PSURYHGDQDO\WLFDO PRGHO IRU
SUHGLFWLQJWKHPDJQHWLFILHOGGLVWULEXWLRQLQEUXVKOHVVSHUPDQHQWPDJQHW
PDFKLQHV,(((7UDQV0DJQYROQRSS-DQ
>@ ' =DUNR ' %DQ DQG 7 $ /LSR $QDO\WLFDO VROXWLRQ IRU
HOHFWURPDJQHWLF WRUTXH LQ VXUIDFH SHUPDQHQWPDJQHW PRWRUV XVLQJ
FRQIRUPDOPDSSLQJ,(((7UDQV0DJQYROQRSS
-XO\
>@ / - :X = 4 =KX ' $ 6WDWRQ 0 3RSHVFX DQG ' +DZNLQV
&RPSDULVRQRIDQDO\WLFDOPRGHOVRIFRJJLQJWRUTXHLQVXUIDFHPRXQWHG
30PDFKLQHV,(((7UDQV,QG(OHFWURQYROQRSS
-XQH
>@ =$]DU=4=KXDQG*2PEDFK,QIOXHQFHRIHOHFWULF ORDGLQJDQG
PDJQHWLFVDWXUDWLRQRQFRJJLQJWRUTXHEDFN(0)DQG WRUTXHULSSOHRI
30PDFKLQHV,(((7UDQV0DJQYROQRSS2FW

>@ = 4 =KX DQG ' +RZH ,QVWDQWDQHRXV PDJQHWLF ILHOG GLVWULEXWLRQ LQ
SHUPDQHQW PDJQHW EUXVKOHVV '& PRWRUV ,9 PDJQHWLF ILHOG RQ ORDG
,(((7UDQV0DJQYROQRSS-DQ
